Phosphoinositide-speci®c phospholipases C (PI-PLCs) are ubiquitous enzymes that catalyse the hydrolysis of phosphoinositides to inositol phosphates and diacylglycerol (DAG). Whereas the eukaryotic PI-PLCs play a central role in most signal transduction cascades by producing two second messengers, inositol-1,4,5-trisphosphate and DAG, prokaryotic PI-PLCs are of interest because they act as virulence factors in some pathogenic bacteria. Bacterial PI-PLCs consist of a single domain of 30 to 35 kDa, while the much larger eukaryotic enzymes (85 to 150 kDa) are organized in several distinct domains. The catalytic domain of eukaryotic PI-PLCs is assembled from two highly conserved polypeptide stretches, called regions X and Y, that are separated by a divergent linker sequence. There is only marginal sequence similarity between the catalytic domain of eukaryotic and prokaryotic PI-PLCs. Recently the crystal structures of a bacterial and a eukaryotic PI-PLC have been determined, both in complexes with substrate analogues thus enabling a comparison of these enzymes in structural and mechanistic terms.
Introduction
Phosphoinositide-speci®c phospholipases C (PI-PLC) are ubiquitous enzymes that catalyse the speci®c cleavage of the phosphodiester bond of phosphoinositides (PI, PIP, PIP 2 ) to generate watersoluble inositol phosphates (InsP, InsP 2 , InsP 3 ) and membrane-bound diacylglycerol (DAG; Figure 1 ). In higher eukaryotes, PI-PLCs are key enzymes in most receptor-mediated signal transduction pathways. They catalyse the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to generate two second messengers, inositol-1,4,5-trisphosphate (InsP 3 ) and DAG. InsP 3 is released into the cytoplasm and results in in¯ux of Ca 2 from internal stores, whereas DAG remains membrane resident and stimulates protein kinase C isozymes (Nishizuka, 1992; Berridge, 1993) . Mammalian PIPLCs have been classi®ed into three families based on their primary structure and mode of activation: the b-family (150 kDa) is activated by association with heterotrimeric G-protein subunits, the gfamily (145 kDa) is activated by association with tyrosine kinases, and the simpler d-family (85 kDa) for which regulation in vivo remains largely unknown. The mammalian PI-PLCs are strictly dependent on Ca 2 and show a clear substrate preference in the order PIP 2 > PIP >> PI (reviewed by .
The crystal structure of the mammalian PLC-d1 shows that the enzyme has a multidomain organisation consisting of a catalytic domain and a set of accessory domains including a PH domain (Ferguson et al., 1995) , an EF-hand domain, and a C2 domain. These accessory domains facilitate interactions with membranes and other components of the cell signalling systems, and are shared with many proteins involved in signal transduction. The catalytic domain has a fold that consists of a distorted eight-stranded (ba) . The TIM-barrel topology is common to many enzymes, but the arrangement of the active site is unique to PI-PLC. The catalytic domain is the most conserved portion of eukaryotic PI-PLCs , with the N-terminal half of the barrel (originally denoted the X-region) more conserved than the C-terminal half (originally denoted the Y-region). The two halves of the TIM-barrel are linked by an insertion (X/Y linker) that is highly variable in sequence and length, ranging from 40 to 480 residues. In PLC-g isozymes the X/Y linker region contains an SH2/SH2/SH3/split PH domain array that is responsible for stimulation of the enzyme by tyrosine kinases.
PI-PLCs with much smaller molecular masses, ranging from 30 kDa to 35 kDa are secreted in large quantities by bacteria such as Bacillus cereus, B. thuringiensis, Staphylococcus aureus, and Listeria monocytogenes (Ikezawa, 1991) . They play a role as virulence factors in pathogenic bacteria (Mengaud et al., 1991; Leimeister-Wa È chter et al., 1991; Daugherty & Low, 1993) , but in most cases their precise physiological function remains elusive. In contrast to their mammalian counterparts, they do not require Ca 2 for activity. They also do not hydrolyse PIP or PIP 2 . The cleavage of PI, however, occurs at rates about ten times faster than for mammalian PI-PLCs , about the same as the rate at which eukaryotic PI-PLCs hydrolyse PIP or PIP 2 (Ellis & Katan, 1995) . The crystal structure of the PI-PLC from B. cereus (Heinz et al., 1995) shows that this enzyme consists of a single domain with a TIM-barrel type architecture, which is very similar to the catalytic domain of the mammalian enzyme. There is only a limited sequence similarity between the bacterial and mammalian PI-PLCs, with 26% similarity in the N-terminal-half of the catalytic domain and no detectable similarity in the C-terminal half (Kuppe et al., 1989) .
A distinctly different type of eukaryotic phospholipase C is the glycosylphosphatidylinositolspeci®c PLC (GPI-PLC) expressed by the human pathogenic parasite Trypanosoma brucei. Unlike other eukaryotic PI-PLCs, this 39 kDa enzyme behaves like an integral membrane protein (Hereld et al., 1988) . In many respects, however, this enzyme is more similar to prokaryotic PI-PLCs than other eukaryotic PI-PLCs. It is metal-independent and hydrolyses the GPI-anchor of variant surface glycoprotein or GPI biosynthetic intermediates Figure 1 . The two-step reaction catalysed by PI-PLC. (Carrington et al., 1991; Morris et al., 1995) . Besides GPI, the enzyme also cleaves PI but not the phosphorylated phosphoinositides PIP and PIP 2 (Bu È tikofer et al., 1996) . It also has a greater sequence similarity to the N-terminal half of the B. cereus PI-PLC (34%) than to the same region of the mammalian PI-PLCs (<10%) (Carrington et al., 1991; Mengaud et al., 1991) .
Having the structures of both a eukaryotic and a prokaryotic PI-PLC as well as an extensive set of prokaryotic and eukaryotic PI-PLC sequences offers the opportunity to better understand the relationship between structure and enzymatic activity for this class of enzymes. Based on the comparison of these structures we propose a structural model for the catalytic domains of all PIPLCs. In addition the strong structural conservation of one half of the catalytic domain that harbours almost all of the catalytically important residues and the similarities in the mechanism of catalytic action suggest that pro-and eukaryotic PI-PLCs are descendants from a common ancestor.
Results and Discussion
The PI-PLC fold
The crystal structures of PI-PLC from Bacillus cereus (bPI-PLC; PDB entry code 1PTD) and PI-PLC-d1 from rat (mPI-PLC; entry code 2ISD) that were determined in uncomplexed forms and in complex with various substrate analogues (entry codes: 1PTG, 1GYM, 1DJX, 1DJW, 1DJY and 1DJZ) were reported elsewhere (Heinz et al., 1995 (Heinz et al., , 1996 Essen et al., 1996 Essen et al., , 1997 . Whereas bPI-PLC folds as a single domain of 298 residues, mPI-PLC consists of four domains (PH domain, EF-hand domain, catalytic domain and C2 domain) comprising 756 amino acid residues.
Based on their overall topologies both bPI-PLC and the catalytic domain of mPI-PLC (308 residues) can be described as``cousins'' belonging to the large structural superfamily of (ba) 8 -barrels (TIMbarrels) which includes roughly 10% of all known enzyme structures (Reardon & Farber, 1995) . Both structures diverge from the regular TIM-barrel fold that consists of eight (ba)-units, where the parallel b-strands (I to VIII) form a strictly closed circular structure.
In bPI-PLC, two a-helices expected to be located between strands IV and V and strands V and VI are lacking ( Figure 2 , Table 1 ). In addition, bstrands V and VI are too far away from each other to allow the formation of main-chain hydrogen bonds. Consequently this leads to an opening of the barrel in this area. A portion of the missing hydrogen-bonding potential is compensated by an Figure 2 . Ribbon plots of the crystal structures of bPI-PLC (left picture) and mPI-PLC (right picture). The view is into the active site pocket with Ins (orange bonds) bound to bPI-PLC and InsP 3 (orange bonds) bound to the catalytic domain of mPI-PLC. a-Helices are shown in red, b-strands in blue and loops in green; b-strands in the catalytic domains are labelled with Roman numbers. The Ca 2 located in the active site of mPI-PLC is indicated by a yellow sphere. This Figure, as well as Figures 3, 4, 6 and 9 were prepared using the programs MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merrit & Murphy, 1994) .
PI-PLC Structure Comparison
additional b-strand (Vb) that lines up with strand VI in an antiparallel fashion. The TIM-barrel is not circular but rather elliptical with distances between C a -atoms in opposite strands ranging from 12 to 18 A Ê . The length distribution of the b-strands forming the barrel is rather uneven ranging from ®ve residues for strand VIII up to ten residues for strand VII with an average of 8.7 residues per strand.
In mPI-PLC, the TIM-barrel comprising the catalytic domain (residues 299 to 606) is closed but also distorted with an a-helix missing between strands V and VI. The barrel is elliptical but more compact than bPI-PLC with distances between C a -atoms in opposite strands ranging from 9.5 to 14 A Ê (Figure 2 , Table 1 ). The length of the b-strands tends to be shorter with an average of 7.6 residues per strand. In mPI-PLC, a disordered stretch of 45 mostly polar residues (X/Y-linker) connects two halves of the TIM-barrel. In both PI-PLCs, neighbouring bstrands are tilted relative to each other by about À35
and have a shear number of eight encircling the barrel (McLachlan, 1979) . Using the DALI algorithm for 3D structure comparisons (Holm & Sander, 1993) , the highest scoring similar structures were all TIM-barrel containing proteins. Searching separately with the X and Y-regions resulted in a signi®cantly higher number of structures aligning to the X-region.
The PI-PLCs show no structural similarity to other phospholipases, e.g. phospholipases A 2 (e.g. White et al., 1990) , a phosphatidylcholine-hydrolysing phospholipase C (Hough et al., 1989) , or lipases (for a review see Cambillau & van Tilbeurgh, 1993) . PI-PLCs are the ®rst known TIM-barrel containing enzymes that interact with lipid membranes. The distortions from an ideal TIM-barrel fold in both PI-PLCs might be dictated by the steric requirements to dock a TIM-barrel domain on a phospholipid membrane and to allow the entry of phospholipid head groups into the active site or the release of product following catalysis. Irregularities in a TIM-barrel topology are also found for a cellobiohydrolase (Rouvinen et al., 1990) and an endocellulase (Spezio et al., 1993) . These enzymes also interact with large substrates and deviate from the canonical TIM-barrel fold by missing secondary structure elements as well.
Superposition of bPI-PLC and mPI-PLC and a structure-based sequence alignment When the structures of bPI-PLC and the catalytic domain of mPI-PLC were superimposed (Figure 3 ), an excellent ®t was found for the N-terminal halves (residues 1 to 163 of bPI-PLC and residues 299 to 440 of mPI-PLC) with an r.m.s. deviation of 1.85 A Ê for 104 equivalent C a -positions (Table 1, Figure 3 ). For this region, the topology of the secondary structure elements is basically identical (Figure 4 ) with the exception of two additional short a-helices present only in bPI-PLC (residues 3 to 8 and 42 to 48). Amino acid insertions and deletions are mainly restricted to loops. In particular, b-strands I to IV aligned very well with an r.m.s. deviation of 1.1 A Ê for 32 equivalent C a -positions. The a-helices following b-strands I to III also aligned reasonably well with an r.m.s. deviation of 1.9 A Ê for 26 common C a -positions. The extended loop following b-strand II (residues 73 to 90 in bPI-PLC, residues 346 to 364 in mPI-PLC) shows a 
a Label in parentheses is the label used in the original publication of the structure description.
strikingly similar conformation despite its length. This loop contributes a residue that is essential for catalysis (His82 in bPI-PLC, His356 in mPI-PLC). Much larger positional deviations were found for the C-terminal halves of bPI-PLC (residues 164 to 296) and mPI-PLC (residues 490 to 610) with an r.m.s. deviation of 2.9 A Ê for only 39 equivalent Listed from the top to the bottom are the following PI-PLCs: PI-PLC-d1 from rat (d1rat), PI-PLC-b1 from rat (b1rat), human PI-PLC-g1 (g1hum), PI-PLC from Drosophila (droso), PI-PLC from yeast (yeast), PI-PLC from T. brucei (trypa), PI-PLC from L. monocytogenes (liste) and PI-PLC from B. cereus (cereu). The alignment of the rat PI-PLC-d1 with respect to B. cereus PI-PLC is based on the bPI-PLC and mPI-PLC structures in regions where the structures superimpose well. The alignment of bPI-PLC and PI-PLC from L. monocytogenes (liste) is structure-based as well (Moser et al., 1997) . The alignment of the other sequences with respect to these was based on an automatic sequence alignment that was manually adjusted. The secondary structure elements of each structure are shown above and below the sequences, respectively; a-helices are symbolized as black rectangles, b-strands as grey arrows. Amino acids 443 to 487 in mPI-PLC are part of the X/Y linker and are not shown. Every tenth amino acid is numbered for mPI-PLC (top) and bPI-PLC (bottom).
itions. In contrast, the a-helices show substantial deviations in their length and relative orientation to the b-barrel. Figure 5 shows a multiple sequence alignment of PI-PLCs based on the structure-based sequence alignment of mPI-PLC and bPI-PLC. Despite a very similar overall topology the sequence identity between mPI-PLC and bPI-PLC is only around 5% with a signi®cantly higher conservation for residues belonging to the ®rst half of the barrel (11%). In this half sequence identity was found for 16 residue-pairs. Based on their location and role in the structure these residues can be subdivided into three groups. The ®rst group comprises residues contributing to the active site, i.e. the catalytic histidine (H311/H32 and H356/H82) as well as a glycine residue (G357/G83) that probably directs via its increased conformational freedom the second catalytic histidine in a position optimal for protonation of the leaving group DAG during catalysis. In addition there is a conserved serine (S388/S113) that participates in the formation of the active site pocket without directly interacting with the substrate. The second group includes seven apolar residues forming the hydrophobic core of the protein (Table 2) as well as a completely buried arginine residue (R338/R64) that``closes'' the hydrophobic core at the N-terminal side of the b-barrel via multiple hydrogen bonds with neighbouring main-chain carbonyl groups. Mutation of this residue (R338L) in mPI-PLC completely inactivates the enzyme, probably by destabilizing the barrel (Table 4) . Finally conservation is also found for a proline (P301/P22) and two glycine residues (G336/G62; G433/G156) that are located in tight turns preceding b-strands. No obvious role could be attributed to a conserved lysine (K434/K157) located at the surface of the protein far away from the active site.
The number of conservative replacements in the N-terminal half is signi®cantly higher (32%) than the sequence identity. This applies particularly to the hydrophobic mini-core wedged between the bstrands and a-helices (Table 2 ). When considering secondary structure elements alone the conservation of amino acids is clearly concentrated on bstrands I to IV of the central b-barrel (approx. 60%) whereas the amphipathic helices and loops show a signi®cantly higher variability ( Figure 5) .
Unlike the N-terminal half, no apparent conservation is found for the C-terminal half of the TIMbarrel, not even for residues belonging to the spatially conserved b-strands V to VIII. In mPI-PLC, most contacts of the catalytic domain with the neighbouring C2 domain are made by the surface helices of the C-terminal half of the barrel with an area of approximately 1800 A Ê 2 buried between the two domains. This means that roughly 9% of the total surface area of the catalytic domain is buried in this rigid (Grobler et al., 1996) interface. The absence of any additional domains in bPIPLCs apparently results in a larger structure and sequence divergence of the surface helices in the C-terminal half of the barrel.
Extension of the structure based sequence alignment to other PI-PLCs
One goal of this study was to use the structure based alignment of the catalytic domains of bacterial and eukaryotic PI-PLCs to extend it to the remaining PI-PLCs for which no crystal structures yet exist. The multiple sequence alignment shown in Figure 5 includes one representative of mammalian b, g, and d-isozymes, the PI-PLCs from insect, yeast, T. brucei and two bacterial species. The alignments of eukaryotic and prokaryotic PI-PLCs were performed separately and later combined and manually optimized according to the structure based sequence alignment of bPI-PLC and mPI-PLC. The sequence identity among eukaryotic PI-PLCs (except for T. brucei PI-PLC) was about 60% for the X-region of the barrel and about 40% for the Y-region. Therefore the much higher sequence similarity among eukaryotic PIPLCs suggests virtually identical three-dimensional structures for the catalytic domains of all eukaryotic PI-PLCs. The alignment of bPI-PLC and PI-PLC from L. monocytogenes, the crystal structure of which was determined very recently (Moser et al., 1997) , is structure-based resulting in a sequence identity of 24%. Despite this relatively weak conservation both enzymes share a very similar threedimensional structure (Moser et al., 1997) . The alignment of T. brucei GPI-PLC with bPI-PLC ( Figure 5) shows a sequence identity of 20% for the N-terminal half of the protein and 13% for the Cterminal half. When compared with the mammalian PI-PLCs, T. brucei GPI-PLC shows a strongly reduced similarity for the N-terminal half and almost no similarity in the C-terminal half. Based on this sequence analysis and additional secondary structure predictions, one can conclude that the structure of the N-terminal half of T. brucei GPI-PLC is more closely related to the bacterial PIPLCs, whereas the C-terminal half might have no structural equivalent among eukaryotic and prokaryotic PI-PLCs. Despite the weak sequence homology between eukaryotic and prokaryotic PIPLCs, based on the present structural comparison it is very likely that the catalytic domains of all PIPLCs share a common fold.
Substrate specificity
The structures of PI-PLCs in complexes with substrate-analogues have resulted in a simple framework for understanding a host of kinetic observations of the enzymes. The structures show that almost all of the mutations reported to inactivate the enzyme are mutations of residues that make speci®c contacts with the substrate or cofactor (Table 4 ). The observed interactions in the active site also clarify the origin of the substrate preferences that have been noted for bPI-PLC and mPI-PLC.
Like other TIM-barrel enzymes, the active site of PI-PLCs is located at the C-terminal end of the bbarrel forming a relatively wide, open cleft. The active sites have been delineated in the structures of bPI-PLC (Heinz et al., 1995) and mPI-PLC via the binding of the inositol head group of their natural substrates, PI and PIP 2 , respectively, as well as modi®ed inositols (Heinz et al., 1996; Essen et al., 1997) .
In both PI-PLCs, the inositols bind in an edge-on mode to the active site ( Figure 6 ). Upon complexation, 83% of the Ins surface is buried from solvent in bPI-PLC whereas 53% of InsP 3 is buried in mPI-PLC. Both inositols are stereospeci®cally recognized via interactions between their hydroxyls (and their phosphate groups in the case of InsP 3 ) and side-chains of polar and charged amino acids (Table 3 ). In addition, there is a coplanar stacking interaction between the apolar side of the inositol ring and the aromatic side-chain of a tyrosine residue (Tyr551 in mPI-PLC and Tyr200 in bPI-PLC). This mode of binding resembles interactions observed between carbohydrate binding proteins and their substrates (Quiocho, 1989) . There are no close interactions between main-chain atoms and the inositol in either enzyme. All residues in bPI-PLC interacting with Ins are also conserved in PI-PLC from S. aureus (Daugherty & Low, 1993) and L. monocytogenes (with the exception of Arg163: Leimeister-Wa È chter et al., 1991; Moser et al., 1997) . Similarly, the amino acids in the active site of mPI-PLC interacting with InsP 3 are conserved in all known eukaryotic PI-PLCs. In marked contrast to bPI-PLC, mPI-PLC binds a Ca 2 -cofactor that is liganded not only by a number of mostly negatively charged amino acids but also by the 2-OHgroup of InsP 3 . This cofactor is an essential element of catalysis (see below). 
PI-PLC Structure Comparison
Most amino acids that directly interact with the inositol are located in analogous b-strands and loops in both PI-PLCs with the exception of Asp198 and Tyr200 that are located in b-strand VI in bPI-PLC whereas the similarly positioned amino acids Arg549 and Tyr551 come from bstrand VII in mPI-PLC. Despite this difference, the side-chains of both tyrosine residues are analogously positioned in the active site to form one side of the inositol binding pocket. The fact that these residues stem from the C-terminal half (or Y-region) of the TIM-barrel that shows no obvious amino acid conservation is a further indication that the Y-regions of both enzymes diverged much further during evolution than the X-regions. This also shows that the structural requirements for substrate binding are less stringent than for catalysis.
The highly speci®c recognition of the inositols by both PI-PLCs observed in structural studies is supported by kinetic data using modi®ed inositols (reviewed by Potter & Lampe, 1995) . The 1D-con®guration of myo-PI substrates is absolutely required for both mammalian and bacterial PI-PLCs (Lewis et al., 1993; Martin & Wagman, 1996) . The structures of both enzymes show that the 2-and 3-hydroxyls make several hydrogen bonds with the enzyme. The importance of the 2-hydroxyl group is consistent with the observation that the 2-methoxy inositolsubstituted PI is not a substrate for bPI-PLC (Lewis et al., 1993; Martin & Wagman, 1996) and that 2-deoxy inositol PI is not a substrate for human PI-PLC . Inversion of the 3-hydroxyl in natural PI leads to a 10 3 -fold reduction of bPI-PLC-activity . Furthermore, phosphoinositides phosphorylated at the 3-hydroxyl are not substrates for the mammalian PI-PLC (Serunian et al., 1989; .
Both PI-PLCs lack stereospeci®city towards the DAG-moiety, which suggests that the hydrophobic part of PI-substrates is not speci®cally recognized by the enzymes (Bruzik et al., 1992) . Lysophosphatidylinositol and other single chain esters of inositol-1-phosphate are hydrolysed by bacterial PI-PLCs, though at reduced rates . These data are supported by the present crystal structures that do not show a preformed hydrophobic channel for the speci®c interaction with acyl chains such as seen in phospholipases A 2 ), but rather a broad and shallow cleft extending from the active site pocket that could easily accommodate different DAG stereoisomers.
Phosphatidylinositol is the common ground shared by the prokaryotic and eukaryotic PI-PLCs. However, both enzymes have unique substrate speci®cities not shared: only the eukaryotic PIPLCs can hydrolyse PIP and PIP 2 , and only the bacterial PI-PLCs can hydrolyse phospholipids glycosylated at the 6-hydroxyl position of the inositol ring. The 4-and 5-phosphoryl groups of PIP 2 are speci®cally recognized by mPI-PLC via positively charged amino acids (Lys438, Lys440 and Arg549). It was shown by site-directed mutagenesis that Lys438 (Simo Ä es et al., 1995) and Arg549 (Cheng et al., 1995; Wang et al., 1996: Table 4 ) are critically required for hydrolysis of PIP 2 , but not of PI. No analogously positioned basic residues are present in bPI-PLC. The 4-and 5-phosphoryl groups also make interactions with ordered water molecules belonging to a large solvent cluster in the wide active site of mPI-PLC. The high number of speci®c interactions with the 4-phosphoryl group explains the observed substrate preference of mPI-PLC for phosphorylated PIs (Ryu et al., 1987) . Consequently, the 4-phosphoryl group shows the lowest structural disorder for InsP 3 bound to mPI-PLC (as evident in B-factors). Due to the close and speci®c interactions of bPI-PLC with the 4-and 5-hydroxyl groups of Ins no space is left to accommodate the bulky phosphate groups of InsP 3 . This explains why bPI-PLC is not able to cleave more highly phosphorylated PIs (Ikezawa, 1991) .
No close contacts are found between the 6-hydroxyl of inositol and bPI-PLC or mPI-PLC. Nevertheless, only bPI-PLC can also hydrolyse phosphatidylinositols modi®ed at the 6-hydroxyl such as glycosylphosphatidyl inositols (GPI). In GPIs, the 6-hydroxyl of Ins is modi®ed by a string of four glycan rings. Structural data from the complex of bPI-PLC and glucosaminyl-(a1 3 6)-myoinositol (Heinz et al., 1996) as well as supporting kinetic data (Englund, 1993) indicate that bPI-PLC weakly interacts with the glycan moieties of GPIanchors, however, not via speci®c contacts. In the structure of bPI-PLC, a wide channel extends from the active site that is formed due to the absence of helices 4 and 5 of the regular TIM-barrel topology. This channel, which is absent in mPI-PLC, could act as a secondary binding site to loosely accommodate some of the glycans present in GPI.
Most of the active site residues do not move upon binding substrate, probably because their side-chains are prestabilized by an intricate network of hydrogen bonding and electrostatic interactions with neighbouring residues. Only the sidechains of Glu341 and Arg549 in mPI-PLC exhibit noticeable conformational change upon complex formation with InsP 3 (Essen et al., 1997) . In contrast the conformation and location of amino acids interacting with Ins is essentially unchanged in uncomplexed bPI-PLC (Heinz et al., 1995) .
The catalytic mechanism
From the structures of the complexes, supporting data from enzyme kinetics, and site-directed mutagenesis (Table 4) , a sequential catalytic mechanism was proposed for both bPI-PLC (Heinz et al., 1995) and mPI-PLC (Essen et al., , 1997 . The reaction proceeds in two steps: a phosphotransfer generates a stable cyclic phosphodiester intermediate and this is followed by a phosphohydrolysis that generates the acyclic inositol phosphate. Apparently, the second step of this two-step mechanism is suf®ciently slow for the bacterial enzyme that the principal product of the reaction is the cyclic intermediate itself. In contrast, the principal product of the eukaryotic PI-PLCs is the acyclic inositol phosphate .
Both enzymes utilize a general base and acid mechanism to catalyse the hydrolysis of phospholipids. However, the structures suggest that the two types of enzymes may use different types of residues to carry out the roles of general acid and base in the catalysis. In the case of bPI-PLC, His32 and His82 were identi®ed as the general base and acid, respectively ( Figure 6 ): His32 is located within hydrogen bonding distance of the 2-OH-group of the inositol and could deprotonate the hydroxyl in a ®rst step. Subsequently, the oxyanion would attack nucleophilically the 1-phosphate group of PI, leading to the formation of a pentacovalent transition state that collapses after protonation by His82 into the products DAG and the stable intermediate Ins(1:2cyc)P. In a second, slower reaction, the roles of both histidine residues are reversed and the nucleophilic attack of an activated hydroxide results in the formation of InsP (Figure 7) . The essential role of His32 and His82 for catalysis has been con®rmed by site-directed mutagenesis. Replacement of these residues by e.g. leucine leads to a complete inactivation of the enzyme (Table 4) .
The mPI-PLC counterparts of the bPI-PLC catalytic histidine residues, His311 and His356, are strictly conserved in all eukaryotic PI-PLCs. Furthermore, their positions and orientations in the active sites of the two enzymes are similar. Nevertheless, the role of His311 as the general base in the ®rst step of the reaction is less clear. Mutation of His311 to leucine leads to a more than 1000-fold reduction in activity (Table 4 ). This could be attributed to His311 acting as the general base. However in the crystal structures of mPI-PLC in complex with various substrate analogues, His311 does not form the hydrogen bond to the 2-OH-group of InsP 3 as observed between His32 and Ins in bPI-PLC. Instead, His311 interacts with the 1-phosphate group. Therefore it is plausible that His311 is playing a crucial role in the stabilization of the pentacovalent transition state, and that Glu390 or Glu341 might act as the general base (Essen et al., 1997) . These residues are not only ligands of the Ca 2 -cofactor, but also form hydrogen bonds to the 2-OH group of InsP 3 . The corresponding amino acid to Glu390 in mPI-PLC is Lys115 in bPI-PLC, therefore ruling out this as an alternative catalytic base for bPI-PLC. Further biochemical studies are necessary to establish the identity of the general base in mPI-PLC. Along these lines, it was proposed that Asp274 in bPI-PLC enhances the role of His32 as a general base by forming a hydrogen bond with atom ND1 of His32 in a way that resembles the charge relay system found in the catalytic triads of serine proteinases and esterases (Heinz et al., 1995) . Mutation of Asp274 to serine leads to an almost complete abolishment of activity (Table 4 ). In mPI-PLC the residue equivalent to Asp274 is Asn578. This residue would be much less suitable to stabilize an imidazolium cation of His311 formed during catalysis, although some examples of operating His-Asn pairs are known (Vernet et al., 1995; Hendle et al., 1995) . If a mutation of Asn578 to aspartate in mPI-PLC showed enhanced activity, this would suggest that His311 of mPI-PLC is acting as the general base for the ®rst step of the reaction.
A hallmark in the active site of mPI-PLC is the presence of a catalytically essential Ca 2 that is coordinated to the side-chains of Asn312, Asp343, Glu341 and Glu390, as well as a water molecule and the 2-OH-group of InsP 3 . Besides a possible feedback regulatory role, the Ca 2 is probably involved in lowering the pK a of the 2-OH-group of PIP 2 and stabilizing the pentacovalent transition state during catalysis by both electrostatic interactions and by speci®c ligation of oxygen atoms of the 1-phosphate (Essen et al., 1997) . Direct bidentate ligation of the cyclic intermediate by Ca 2 may explain why mPI-PLC does not release the cyclic intermediate as readily as bPI-PLC and yields the acyclic inositol phosphate as a major reaction product (Essen et al., 1997) .
In contrast, due to very low af®nity for the cyclic inositol phosphate (K M 90 mM; Zhou et al., 1997) the metal independent bPI-PLC releases most of the cyclic intermediate before completing the second step of the reaction. The electrostatic stabilisation of the transition state in bPI-PLC is accomplished by a basic residue, Arg69. This residue stereospeci®cally interacts with the phosphate moiety of the substrate (Hondal et al., 1997) . In the structure of bPI-PLC, the positively charged guanidinium group of Arg69 ®lls almost exactly the space that Ca 2 occupies in the active site of mPI-PLC. Mutation of Arg69 to lysine leads to a complete inactivation of bPI-PLC (Table 4: Hondal et al., 1997) . We also constructed the double mutant R69D/K115E in bPI-PLC in order to investigate whether bPI-PLC can be changed to a Ca 2 -dependent enzyme in analogy to mPI-PLC. Although the mutant could be obtained in a correctly folded form, it showed no detectable catalytic activity in either the absence or presence of Ca 2 . These data showed that the Ca 2 -binding site in mPI-PLC probably critically depends on stringent steric and electronic requirements that cannot be achieved in the double mutant.
The GPI-PLC from T. brucei is like its bacterial counterpart Ca 2 -independent (Carrington et al., 1991) . Consequently, it lacks the calcium ligands found in other eukaryotic PI-PLCs, but has an arginine residue homologously positioned to Arg69 in bPI-PLC.
Modelling phospholipid interactions in the active site
Given the exquisite stereospeci®city of interaction between the enzyme and myo-inositols observed in the crystal structures, it is likely that PI and PIP 2 bind in a similar fashion to the active sites of bPI-PLC and mPI-PLC. In addition to the stereospeci®c interactions with the inositol head groups the enzymes probably form a number of van der Waals and hydrophobic interactions between amino acids located in a hydrophobic ridge at the rim of the active site (Figure 8 ) and the lipophilic tails of the fatty acids. This is supported by the observed binding of a detergent molecule CHAPSO to this hydrophobic ridge in the crystal structure of mPI-PLC . The hydrophobic ridge is mainly formed by loops connecting bi and a1, bII and a2 as well as bVII and a7 in both enzymes and contains a number of hydrophobic amino acids exposed to the surface (L320, Y358, F360, W555 and atom C g2 of T557 in Figure 7 . Proposed two-step reaction mechanism for the general acid/general base catalysis for bPI-PLC (left) and mPI-PLC (right). For the discussion of the identity of the general base (B À ) in mPI-PLC see the text. According to structural data of the complexes between bPI-PLC and inositol analogues supported by biochemical data (Hondal et al., 1997) , the N x1 -atom of Arg69 is probably in close proximity to the proximal O S -atom of the transition state whereas atom N x2 is closer to the developing negative charge on the 2-OH-group of the inositol.
mPI-PLC; P42, I43, V46, W47, P84, L85 and Y118 in bPI-PLC; Figure 8 ). The size of hydrophobic surface (approx. 350 A Ê 2 ) roughly corresponds to an estimate of the membrane penetration area determined by correlating mPI-PLC activity and surface pressure (Boguslavsky et al., 1994) . Figure 9 shows a hypothetical model of bPI-PLC and mPI-PLC interacting with a phospholipid membrane. In this model both enzymes partly penetrate the membrane bilayer to gain access to the substrate. However, the degree of penetration is currently unclear and might be different between the two enzymes. In mPI-PLC, diffusion of head groups into the active site can proceed through a spout-like opening between the membrane and the membranedocked enzyme (Essen et al., 1997) . No such sub- . Hypothetical model of the interaction of mPI-PLC and bPI-PLC with a phospholipid membrane represented by a layer of spheres. Each sphere corresponds to the head group of a phospholipid molecule that occupies an average area of 0.7 nm 2 on the membrane surface. The catalytic domains of both enzymes have been positioned so that the hydrophobic ridge at the rim of the active site partially penetrates into the membrane. The model of mPI-PLC has been positioned so that the Ca 2 -binding loops of the C2 domain are also near the membrane. The PH domain of PLC-d1 is shown bound to a PIP 2 headgroup and was positioned so that this headgroup was near the membrane. The placement of the PH domain with respect to the mPI-PLC model was arbitrary with the only constraint that the N terminus of mPI-PLC be near the C terminus of the PH domain. strate entrance is apparent for bPI-PLC and one might consider a partial pullout mechanism at least for the GPI substrates which carry the bulky glycoprotein modi®cation at the 6-hydroxyl group of the inositol.
Unlike other prokaryotic and eukaryotic PI-PLCs, the T. brucei GPI-PLC behaves like a membraneresident protein that cannot dissociate from lipid membranes in a reversible manner (Bulow et al., 1989) . Interestingly, the sequence alignment ( Figure 5) shows for the N-terminal half of T. brucei GPI-PLC the insertion of a largely hydrophobic segment of 31 amino acids between b-strand bI and ahelix a1 that is predicted to be in an a-helical conformation. It might be this hydrophobic segment that is responsible for the observed irreversible anchoring of T. brucei GPI-PLC to lipid membranes.
Summary
Despite many structural similarities between bPI-PLC and the catalytic domain of mPI-PLC, the mechanism of both enzymes differs in two respects: the eukaryotic enzymes require a calcium cofactor whereas the bacterial PI-PLCs as well as T. brucei GPI-PLC are metal independent; and the principal reaction products of the eukaryotic PI-PLCs are both cyclic and acyclic inositol phosphates while the bacterial enzyme yields mainly the cyclic product. Furthermore, the structures of complexes of these enzymes with substrate analogues have suggested that these enzymes may employ different types of residues to carry out the catalysis.
The comparison of a prokaryotic and eukaryotic PI-PLC structure in combination with multiple sequence alignments suggest a divergent evolution starting from a common ancestor molecule rather than convergent evolution to a stable fold. In the case of bacterial PI-PLCs, the molecule kept its size and single domain structure and probably evolved towards achieving a maximum catalytic ef®ciency. In eukaryotic PI-PLCs, additional domains and the requirement of a calcium cofactor were incorporated to allow the ®ne-tuned regulation of PI-PLC via speci®c contacts with receptors, receptor-associated proteins and membranes to establish its role as a central enzyme in most signal transduction pathways.
An alternative evolutionary scenario can be proposed for bacterial PI-PLCs due to the fact that the natural substrate membrane lipid PI is absent in most bacteria (Bishop et al., 1967; Ames, 1968) with the exception of some ice-nucleating bacteria (Kozloff et al., 1984 (Kozloff et al., , 1991 , suggesting that most bacteria do not require PI-PLC for their own survival (Camilli et al., 1991) . In the case of animal and human pathogens, PI-PLC acts as a virulence factor to facilitate infection of their respective hosts. This is corroborated by the fact that no PI-PLC activity is detected in avirulent Listeria strains (Notermans et al., 1991) . It is plausible that bacterial PI-PLCs might be descendants from eukaryotic PI-PLCs that were incorporated by the bacteria during evolution and later changed by purging additional domains and by optimizing the C-terminal half of the barrel, i.e. the former Y region. In contrast, the N-terminal half of the barrel that contributes most of the active site residues would have been more constrained in its evolution. In this scenario, the loss of a requirement for a Ca 2 -cofactor would have been selected for in bacteria living as intracellular parasites because the resting Ca 2 concentration in the host eukaryotic cells would likely be limiting for ef®cient catalysis.
Materials and Methods
Structural alignment and multiple sequence alignment
The structures were superimposed using either the routines lsq_explicit and lsq_improve in program O (Jones et al., 1991) , the program GA_FIT (May & Johnson, 1994) or the program SUPERIMPOSE (Diederichs, 1995) .
The program PILEUP in the GCG package (Devereux et al., 1984) was used to perform multiple sequence alignments separately for both eukaryotic and prokaryotic PIPLCs. The alignment between the bPI-PLC (residues 1 to 298) and the catalytic domain of mPI-PLC (residues 290 to 606) was adjusted manually based on the crystal structures. All sequences were obtained from the SWIS-SPROT Data Base via the GCG package. For the alignment of the catalytic domains, the following sequences were used: PI-PLC from Drosophila (pipa_drome, residues 323 to 663), PI-PLC from yeast (pip1_yeast, residues 384 to 707), PI-PLC-d1 from rat (pip6_rat, residues 300 to 606), PI-PLC-b1 from rat (pip1_rat, residues 320 to 653), human PI-PLC-g1 (pip4_human, residues 324 to 1067), PI-PLC from T. brucei (phlc_trybb, residues 6 to 336), PI-PLC from B. cereus (plc_bacce, residues 1 to 298) and PI-PLC from L. monocytogenes (plc_lismo, residues 1 to 286).
Surface areas
Accessible surface areas of inositols in free form and bound to the enzymes were calculated using the program of Connolly (1983) using a radius for the probing sphere of 1.4 A Ê and the default radii of GRASP (Nicholls, 1992) .
